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Global  OZOIIC” observat ions flol~~ t,IIc hflicmwavc  l,imb Soundm  (M 1,S)
aboard  the Ill)pm  Atmosphmc licscaIdI  %tcllitc  (U A lt.S) arc prcsclltcd,  iII
both vcrtica]ly  rcsolvd  aIIcl column abundal)cc  formats, Wc review the zo]tal
Incal] ozone variations mcasud over the two ancl a IIalf years since launch
in Scptcmhcr  1991. Well-kNowII fcatums SUCII as the annual and semi -anllua]
variatio]ls  arc ul~iquitous.  III tlIc  cc]uatorial  regions, longer-krm cllangm  tied
t o  t h e  quasi-bicmllial  oscil]atiol)  (QIIO) arc obscrvd,  w i t h  a  strong  scmi-
annud signal  above 20 h 1 ‘a. ]’;quatorial  oz,onc v a l u e s  l~car 50 Ill)a cx]}ibit
low vducs  from OC,LOLCI  1 W] to JUIIC 1992, wit]] a fairly rapid increase in
czwly summer 1992, aft,cr which  tllc low OZOIIC  pattern splits in two., yielding
lnillima  in tlic sub- t rop ic s  (])ossibly  ill c,onncction  with rcsiclual  clrculaiion
changes tied to the QIIO). ‘J’hc ozone  ho le  dcwclopmcnt,  at IIigh southcm
laiitudcs  is apparcmt  i]) MI,S  column clata integrated down to 100 Ill’a, with
a pattcm gcncral]y  consistent wit]] Nimbus-7 ‘1’OMS mcasurcxncllts  of total
colu ImIl;  tl)c  h(ll,S data rcinforcc current knowlcclgc  of tl]is lower stratos])l)cric
]Jllc!llolllclloll  by providing a ]Icigllt-(l(:])cl)c]cl]t  view of t]lc  variations.  ‘J’]lc IC-
gio]] fro!n  30S to 30N (an area cqua]  to half tl)c  global area) SIIOWS very little
cl]angc  III the ozone column fro]n ycdr  to year and within  cad year.

‘1’}Ic lnost striking  ozoIIc changes have occurred at northern  Inicl-]atitudcs,
wit])  tl]c octohcr  1992 to July 1993 co]umn  values significantly lower tha]}
duril)g  tl)c  ])rior y e a r . ‘1’llc zoIIal  meal)  clIaIIgcs mal~ifcst  tllcmsc]vcs  as a
S1OWCI  rate of illcrcasc  during  tllc 1992-93 wini,cr,  and some  cvidcmcc for a
lower fall minilnum.  A subtro}~ica]  low starting in late 1992, with significant
colltril>ution  from c])angcs  in tlIc  lowermost stratos])hcrc (IIcar  100 h])a)  may
]Jlay  a m]c ill the gcllcratioll of low OZOIIC  at mid-] atitudcs.  A rccovcry  OCC,UIS
duril)g  tllc sumlncr of 1 993; early 1994 values arc sigl]ificantly  larger than
duril}g  the 2 previous Willtcrs. ‘1’}lcsc  r e su l t s  arc ill gcmcral agrcclncl)t  wit]]
variatio]ls  n~casud  by  the  IXiml)us-7  ‘J’0h4S  a n d  h4ctcor-3  ‘J’oh4S iljstru-
Incllts  at mid- ]atitudcs. ]lowcvcr,  the soutl ImIl mid-la  titudcx cx})ibit lcxs of
a columII  OZOIIC  dccrcasc ill tl]c  h41,S data (dew II  to 100 I]])a) tl]an  ill tl]c
‘1’0h4  S column results, witl) possib]c  implications OIJ the altitll(lc-(lc]]  cll(l[:]lcc
of tlIc  changes in both IIcmis})llcrcs< ‘J’lIc  timil)g and latitudinal extent of
tl)c nortllcrll  m i d - l a t i t u d e  dccrcascs  ap]~car to ru]c out obsmvcd (;10  cll -
llaJICClnCnts in the arctic vortex, with rc]atccl  chcmica] processing al)d OZOIIC
di]utioll  cffcc.ts, as a unique ca,usc. l,ocal depletion from CIO-related chcln-
ic.al lnccllal)islns  alone is  a]so IIOt suf~icimt,  l~ascd on MI.S  C]()  data.  ‘1’lIc
puzzling asymmetric nature of tl]c  c.hang;cs  ])robably requires a dynamical
c.olnponcnt  as an cx])lanation. A colnl~ination  of cflccts (includin~;  chcmid
destruct,  ion via hctcrogcncous  proc.csscs, QB() ],l,asi*)g, rccluccd  OZOIIC at low
]atitudcs  and subsequent polcward  transprt)  l)robab]y needs to bc invoked.

l’illall  y, residual ozone va]ucs  cxtractcd  from ‘j’OMS minus h41 ,S coluIm I
data arc bricfiy  prcscntcd  as a ])rcliminal.y  view il)~o t]lc  ])otcntia]  useful  I]css
of suc,]I  sl, udics, Wit]) infolllla,tiol)  011 troposp]]cric  OZOIIC  as an ultimate goal.



1 .  i n t r o d u c t i o n

‘] ’]](!K! h a v e !  k]] VariOUS I’C])Ol’k  Of Stl’Oll&l  t]lall CX]K!CtCd dcc]incs  i])

ozone during  the last two yam, from satellite. mcasuIcIncIIts  (Glcascm d

al., 1993; IImnan and l,arko  1994, l)land  d al., 1994) to ground- basccl ancl

b a l l o o n - b a d  d a t a  (Gral)t  d al. 1992 ,  1994 ,  l{crr d al., 1993; Bojkov  ct

al., 1993; IIofmann  d al., 1993, 1994; l<oml IyI d al., 1994). ‘J’l Ic potmltial

for  ozone destruct ion as a rcsu]t of lIctcrogcncous  rcactiol]s occurring on

volcanic (Sulpllatc.)  aerosols  has been inc.rcasing]y  discussd  since the large

cmption  of tllc 1’;1 CJhichon vo]cauo  ill 1982 and its possible relation to ozoIIc

changes (Ilofmann and SO1OII1OII  1989).  ‘1’lIc possible impact of the June 1991

crupt,ion  of h40unt  l’inatubo  Cm ozone is a subject of muclI current iukmst,

givcll tllc large illc.rcasc  ill stratos})l)cric.  volcanic ammo]  from that cruptio~]

(l~lutl,  CL al. 1992, h4cC;orlnic.k  and Vciga  1992, h4c(;cmnick  ct al. 1 9 9 4 ) .

‘J’hc lJ])pcr  AtInospl~cIc  l{cscarc.]] Satellite (lJAI{S)  was launched on Scptcnl-

bcr 12 1 W ] ,  w i t h  1 0  instrummts  of intcrnatiol]a]  origil)s  aboard  (Rcl.m

1 993). ‘J’hc study of u])pcr  atlnospllcric  c.l]mnistry  aud dynamics,  coupld

with lJAl{S  mcasurcmcl]ts of solar flux al)d cncrgctic  partidcs,  is at the ccll-

tcr of tl)is lnissiol)’s  rcscarcll  goals.

OZOIIC mcasumncnts  froln  tllc h4icrowavc  IJiml) SouIIdcr  (h41,S) a r c  dc-

scril)d  in this ]Japcr, for the period l)ctwccn  odobcr 1 W] and h4arch  1994.

WC focus on tllc 7,01ml mean variations ohscrvccl  Lhrougl}out  the globe during

this intcrcstil}g time. ‘J’llis  ovcnicw is IIICaIIt  to ]Jrcsc]]t some of the more

ol)vicms  fcatums SCCII iu M1.S data, mm]  t}lougl]  a  ful l  interpretat ion (wit}]

moclc]  comparisons) will have to await furtl]cr studies. Sil)cc tlIc MI,S  data
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arc IIOW bcjng rclca,scd to t,l Ic ‘(n OII-lJ  A

papa’ (an guicl(!othcr  illtc!rcst’cd Scialt’

in r e l a t ion  to this data set .  1’;1s0)1  ct

4

{S” community,it  isl]opcd  that  tl)is

sts towards cmtain areas of research

al .  (1994) givcan  ovcrvicwof  the

large-sc.alc wave components of the hJIJi OZOIIC  data. Some words  of call-

tio])  and caveats arc given in section 2, regarding retrieval unccrtailltics  and

known  systcmatics, mm though an overall good quality procluct  has lJccn

acli icvcd  so far. I’ltc  data set prcscntcd here was gcncratcd from hfl 1,S \r3

I,CWCI  3 clata  film m the ~cntral  l)ata  IIandling  Fac i l i ty  a t  the  Goddard

S]mcc Flight  (kmtcr;  these arc the film wlIiclI  arc king  storm]  on the 1 lata

Arc+ivc  Acc.cssing  (kmtcr (l) AA~), also at  Gocldard.  l~urtl]er  d e t a i l s  and

profi]c  illtclscolll]~alisol]s  wit])  other data sets will bc given in upcoming pul~-

lications.  in scc.tion  3, zollal mean ozone mixing  ratios at various latitudes

froln  80S to 80N latitude arc prcscmt,cd; some Cm])hasis  is placcc] on cl]a)]gcs

observed at low ]atitudcs,  and  tllc ])ossibli  connection with the Q]](). ‘1’hc

OZO]IC abundances arc then il]tcgratcd  in the vertical to produce zollal recall

co lumn mcasurcmcnts,  for various pressure intcmmls;  this is cliscusscd  })ri-

marily  in scc.tion 4. \fVc focus ill section 5 on the ozone column behavior at

micl-la.titudcx  (30 to 60 dcgrcc I)in) and tllc s ignif icant  diffcrcncm obsmvcd

duril)g  the first  two  years of h41,S o})cration,  along  with possib]c  cxl~lanatio]ls

for these mcasurcmmlts.  (comparisons with both the NimlJus-7  and Meteor-3

‘J’OM S ozone  column da ta  arc lnadc.  Scc.tion 6 g ives  a  brief  ])rescntatioll

of residual ozone columu  obtail]cd  froln  a sul~traction  of h41, S column froln

‘1’0h4S total column data, as a topic worthy of furtl)cr study, regarding t]lc

possibility of cxtrac.ting  variations ill trcq)os])llcric  ozoI]c.



2. MI,S ozone  re t r i eva l s

‘J’lIC! h41JS illstl’umc]lt  lncasurcs  t]]crmal clnission  at mi]]imctm  WaVC-

]c]]gths  by sca]]ni]]g tl]rougl]  the atn~os])]]cric  limb  (Watcm, 1 9 9 3 ) .  A n  in-

stl’unlcllt  description has been g;ivm by ]la,Jat]] Ct a]. (] 993),  and first Iwults

olI polar  Clo and o z o n e  ill tlic lowm  stratmpllmc am dcsc.ribml  ill \Vatcm ct

al, (1 993a).  ‘1’clnlmraturc  (with tangent l)MWSUI’C rcgistmtion  from 02 Iillcs

at 63 Cllz) and water vapor (e.g. IIanvood  d al. 1 993) arc tllc ot,l)cr  primary

])rocluctsl  but i]] formation  on S02 (l{cad  ct al., 1993)  a]]d IIN03 (Santcx d

al., 1994) is also prcscmt  in tllc sljcctra, Ozone is mcasuwxl  ill two distinct

spectra] bands  by tllc  “205 Gllz” and “183 GIIz” radiolnctcrs  and indcpcl]-

dcnt mtlicvals  arc c.amicd  out for CM]) band.  \Vc rq)ort l]crc  on the 205 G] lz

rcsu]ts oll]y,  I)cc.ausc  Lllcy llavc sllow]l  solncwl)at lmttcr a c c u r a c y  t]la]I t])c

183 Gl]z rcsu]ts  al)d bccausc  tl)cy  cover a lo]lgcr  time pmiod  (the 183 Gllz

rad iomete r  nlcasuril)g  1120 and 03 stol)])cd  o~)crating  ill mid-Apri l  1993).

Stratospllcric  abundances  and variatiol]s arc cmp}lasizcxl ]]CIC (mcsosp]lcrjc

il)formation  is mostly ohtainal)lc  from i,hc 183 GIIY, OY,OIIC. mtricvals).  At]no-

spheric  ])K)filcs  rctricvcc]  ill t]lis fas]Iioll  arc spacmc]  al.)ou~ 4 dcgrccs a p a r t  in

latitucic, with better cove.rage I]car tl]c latitudes corrcs])ollding  to c)rbit turn-

around.  ‘1’l]csc turn-arou]~d  poil]ts  occur at about 34N (34S) and 80S (SON)

wllcn tl)c satellite is flyij)g forward (backward), wit]] t,llc alternating c,ovc:lagc

arising as a rcsu]t of the UA1{S yaw mal)cuvcm (rougll]y  every 36 days), tied

to tllc c)rbit })rcc.cssioll. ‘J’hmc arc 15 orbits pm day, so tl)at each  latitude (at

the 4 dcgrcc resolution) is sam])lcd  about  30 times duyin?; a 24 hour period.



!l’his  type! of sampling g’oc!s into

pal)cr,

6

l)c zona] Incans  discussed throughout this

Substantial  ddai]s  011 MI,S  ozone rctricwds  al]d comparisons wit] I other

data sds w;]] lx djscusscd  ju upco]njng  work, and continued validation and

rcfincmcmts  in the rctrjcwals  am to 1Y2 cxpcctcd.

‘J’IIc h41,S retric.val  tcc.l)niquc  uscs a sequential estimation approac]l  (I{odgcrs,

1976) to obtain  tangent pressure and  tcm]matum froln  tl)c 63 G] 1 z band,

fo l lowed  by lnix;ng  rat;o rctr;cva]s  ill tllc  other bands. (limatolog;cal  a pri-

ori profilcst pmvjclcd by UA]{S iuvcstigators  ( b a d  on e x i s t i n g  d a t a  sets,

al~d modc]s  where  data arc lackjng)  arc combined wjth  tl]c data in tlljs  tech  -

JIiquc, mostly for stability ill .dtitudc  rcgiolls  whcm lncasummcnt  scl)sitivity

is rapidly dcg;radil]g; we have used large  a priori errors  to c]lsurc  that mini-

lIIal bias is ;utroduccd  in the retrievals. (;ivcl]  tl~c linca.lity  ill the radiat;  vc

i,ransfcr  at t}icsc wavclcngt]]s,  a sill?;lc  IJass fit g ives  good  r e su l t s ,  and wc

have not used optically-thick cl]al)ncls.  1 low’ever, furtl)cr il~l])l(J~~clllf:l)ts  can

bc cxpcctcd  with a fully iterative retrieval, to be implemented for tllc Ilcxt

major reprocessing of the. h41,S data, ‘1’l]c cunwnt  rctricva]  mixing  ratio ]JrCI-

filcs consist of jo; ncd  linca,r segments ha,vil)g 3 cqua]]y  spacml  l>rcakpo;nts

pm clccadc  c,hangc ill log]’ (iec. at pressures of 100 Ill’a,  46 1]1’a,  22 Ill’a,  . ..).

wl)ich corrmpo])ds  to a vcrtica] (I,cvcl  2) grid  with roughly (i kln  s})ac.illg.  ‘1’hc

atmosphcr;c  profiles  arc mtricvcd as t]lc Lrcakpoint  values.  A]] al)l)roxilllatc

illtcr])retation  of them values, relative to tl]c true (infinjtc  rcso]utioll)  l)Iofj]c,

is tllc least-squares fit of the lill(:ally-scgln(:l}tc(l rctricva]  profi]c  to t])c trUC

ol]c. ‘J’l)c  integrated area under the retrieved profile is co]}scrvcd regardless
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of the vcrtica] stmcturc  in the ma] profi]c  or tl)c rctricwl  grid spacing. ‘J’hc

I,wcJ 3 standard (JAIW  grid is twice as fine as the MI,S lmvcl 2 grid,  i.e. it

h a s  6 poinis  pm dccadc in log]) rather than 3. ‘1’hc MI,!S values at the non-

rctricvcd 1 mvcl 3 grid  poiuis  arc averages of the lmvcl 2 c.ocfficicmt values m

either side. A trade-ofi exists  bctwccn vertical rcsoluiioll  and profile noise;

t h e  cq]timum  MI,S  vcrtic.al rcsoluticm  is 5 po in t s  pm dccadc  in lc@’, wllicll

is only sligl)tly  coarser than tllc  I,CVCI  3 g;rid  spacing. l)rofilcs  rctricvcd from

MI,S  obscrvaticms  should gcncra]ly  bc scllsitivc  to fcatums with vertical scale

of a fcw km. Smcarin,g  effects from the antenna  fic]d of view and radiative

t,ransfcr  through the atmos])hcm lead to a vertical smearing of 3.2 km (4 km

is oftm quotcc] as vcrtic.al  resolut ion).  CUIrCIIt cxtimatcx of rctricwal  I)rcc.i  -

sion ( ‘~l siglna noise estimate”) for single profi]cs  arc 0.3 ppmv bc:twccm  1

ancl 4.6 Ill’a,  0.2 pp]nv  I>ctwccn 10 ancl 46 hl’a, ant] 0.5 ppmv at 100 111’a.

‘J’l]csc  figures arc based ol] olmrvcd  summertime variability (r.m .s. dc:via-

ticm about  the mean) in latituclc  ba~jds ]tcar  turn-arounc]  (30-35N or 30-35S)

- wllcrc a large ])umbm of profiles can bc obtain  ccl in a narrow latituclc range

) as wc.11 as in I,hc rclativc]y quid  tropical regions (5 S-5NT); true precision

may km slightly better thau tllc  lninimuln  standard deviation ohtainccl  for

the 8 clays usccl  in tl]is analysis, l)ut  tllcc)rctic.al cstimaics  agree well with

this cm])ir ical mctlIocl  of estimating precision. l’or zol}al  means ill a ty])ic.ai

5 dcgrcc-wide ]atitudc  bin ,  with about  40 to 45 indiviclua]  nlcasuremcmts

il]cluclcd,  prccisicm  is cxpcctcd  to Ix of orclcr 0.1 ppmv or less.  in tcvms  o f

the ]Ioisc  componmt  on columl)  ozone calculated by intcgraiing  the mtricvccl

profi]cs  in the vertical, as clc)nc il] Ll!is paper, tllc c.orrclation  bctwcm ICVCIS
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IC!a(ls  lm Solllccallccllaiiol)  ofc!rrol’s.  O u r  Cstill]atcs  ofc.olulllll  pll!cisioll,  lls-

ing  the minimum obscrvml  varial)i]ity  in “quiet)’ ])cliocls/lcjcatiolls  mtd l]car

turn-around points  (from a samp]c  of 8 days, mch with  over 100 pmfilcs  ill 2

scpara~c latitude bills)  arc 7 I)U (l)obson  units) , 2 I)U and 1 I)lJ  for co]um]l

tl]csc  cc)lumn }Jmcision  cstilnatcs  will

“average out)’. l~ascd on comparisons

ozone calculated above 100 Ill’a,  46 hl’a, and 22 h]’a  rcspcctivc]y.  For zona]

means in a typical 5 dcgrcc-wide Lin,

go clown  by a factor of aboui  six.

}Iowcvcr,  systematic crrcm will not

with other data sets, and based on cxalnillation  of tllc flc]ds t]]cmselvcs,  wc

f ind  that  them am small  biases at ccntain  pressure ICVCIS.  1]) pa r t i cu la r ,

the 46 hl’a MI,S  values may bc somewhat low (a fcw tclltlls of a pp]nv),

whcmas  the 100 I]]]a values snow an opposite I)ias (of order 0.1 to 0.2 l)l)lnv

llig}]). ‘1’hc rctricwal tcdlniquc  rc]ics  on” f i t t ing I,hc sljcctral con~rastl  withi]l

the instrument I)andpasso i n  tllc lowcmnost  stratospl]cm, this  contrast  i s

significantly  rcducccl  in comparison wil,l~ tl]c  mic]-to  upper stratosphere, and

it bccomcx  difficult to separate from contributions (some better taken into

acccmnt  tl]an  otllcm)  f r o m  II N03, 1120, N20, dry air colltilluum,  and otl]cr

slna]]  instrumcmi,a]  or c,om~)utatiolla]  effects. WC s-o]netimcs  get zo]lal Incall

values whic]l  arc negative at 100 hl’a (the lowest lCVC1 for rcasollablc  MI,S

scmsitivity),  part icularly ill tllc summer mont,lls  at tropical latil, udcs;  this

bias is IIot yet rcmovcc] or coln~)lctcly  understood. l~il]ally,  small oscillations

in the meal)  field, tied to the lJAI{.S “yaw-c .yclc)’  - 36 day variation - , arc

known  to exist (see figures later in the ])apcr),  particularly ill LIIC lowmnost

stratospl}crc;  slnal]  cliscontilluitim  can also appear whcm a yaw’ day is crossed.
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‘J’]](!SC fcatum may 1X! pro]) agatcd  to Ozone! thrc)ug]l the rc!trievc!cl  Llngc!llt

pmssurc cflcct, and further investigation is ncccssary  to fully undcrstzmd  and

remove these Cffccts, which am prcsmt at tllc fcw pcrcc]]i  lcwcl.

‘J’hc above issues should not affect the main rcsu]ts prcscmtccl here, wllicl]

lnost]y  d e a l  wit]) zona] mcxm trcmds. l“or cxamp]c,  cxccllcnt tracking has

been obtaillcd  bctwccn h41,S and SA(;IJ  11 OXOI]C ]ncan  values (l). (h]n]iold,

private communication, 1 993), despite a small  offset  lmtwccn  the two data

sets (5- 10 % higher values seen in M 1,S ozone), and otllcr high-quality c.oIm

parisons  wit]] ,ground-based, ozc)ncsondc  data a,I]d  other UA]{,S instruments

h a v e  been  lnaclc (to bc publis]]cd  ]atcr). ‘J’hc hl ],S zonal  meal)  radia,l)ccs MC

gcncral]y  fit by “forward mode]” radiances (using  rctricvccl  hll,S  fields) to

within onc  pcrccmt  (r. m.s. ).

Wc ]lc)w turn to a dcscri]jtion  of some of tllc interesting aspects of tlicsc  2.5

years of M 1,S data on zonal  m(!a]] ozone.

3, Ozone mix ing  r a t io  data

IPigurc  1 is a iimc series rc])mscntatiol]  of zonal  recall  ozone volume lnixil]g

ratio for 4 pressure ICWCIS (46, 22, 10, and 2 Ill’a), from Octobcr 1991 to March

1994.  ‘J’l)csc zonal  means arc cmm])utcxl  from hl 1,S I,CWC1  3A 1, data (cwc]~T

4 dcgrccs in latitude), l;ach year of data (starting ill octobcr)  is showl)  ill

a diflcrcmt  color.  lkxausc  of tllc (JARS cyc l i c  ciyaw ma.ncuvcr”, MI,S d a t a

alternate Ixiwccn mostly IIortl)crl]  and mostly southcm  latituc]cs  (covcragc

from 34S to 80N,  followcxl by 34N to 80 S). This leads to roughly 3&day  gaps

in MI, S data at latiiudcs  ])o]cward  of 34N or 34S (SCC  Fig, 1 ). other gaps

.

,
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occasionally occur bemuse of missil]gor  bad data, mud by problems with

tlIC instrumcmt  or satcllik.  X’igum  2 .wid 3  a l s o  d i s p l a y  zonal  mcmn Mll$

ozone mixing ratio data (for all rctricva] ]}oints  bctwccm 100 and 2.2 Ill’a,  i.e.

at 100, 46, 22, 10, 5, and  2 Ill’a), for each of the first  2 ycam of ohscrvatim,  as

CO]()] contour plots. ‘1’his  brings  out ccrtail] fmturcs more easily than in Fig.

1. l)ata used in these figures arc derived from  IJouricr  coefficients in time

and ]ongitudc,  as dcscribcd by Elson  ct al. (1994), and accuratcl  y rcprcsc))i-

variations longp  than onc day.

‘J’hcm arc a numbm  c)f .gcncxa]  IJoints whic]l onc can  Jnakc, hascd  o n  tl)c

above figures, mostly as a check of previous rcsu]ts  on stratospheric, ozone.

lror cxamp]c,  largest ozone mixing  ratios arc observed at equatorial lati-

tudes in the l~licl-stratc)sl>l~cr(:  (SCC  the 10 }11’a plots), a])d largest variability

is obsmvcd at high ]atitudcs in winter,  as cxpcctcd. Note that  s]nall  tem-

poral o sc i l l a t i ons  call I)c se.cn ( p r o b a b l y  I)cst in l“igs 2 & 3 in i,hc trc)pic.s),

t ied to the [JAI{S yaw period of al~])roxilnatcly  36 days. ‘J’lJCSC arc known

a r t i f a c t s  in MI,S data,  and invcstigatimis  col]tiliuc  r e g a r d i n g  tl]csc  cflcc.ts,

w h i c h  arc present at tllc  fcw pcrccmt  ICVCI. ‘J’llc  10WC1  stratos]~l]cric  ozone

m a x i m a  arc observed during  1~’cl~ILIary/h4a.rcli  in the northern IJclnisl)llcrc

mid-to-hig]l  latitudes, wit]l a similar peak during  August  /Scptcmbcr  i]) the

southmn  hcmisphcrc  (see tllc  46 111’a ])lc)ts);  Lllis  s])ring  maximuln  is caused

by transport of high ozone air froln  tllc  tro])ics, wllcrc the primary ])roduc-

tion  occurs, with a subsequent clccrcasc  induced by incrcming  photochemic.al

destruction (e.g. l’crliski  et al. 1989). ‘J’lic  ozone  h o l e - r c ] a t c d  clccrcase  in

ozone during  August and  %ptcmlm is olwmvcd  at the higllcsi  soutl~crn  lati -
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tudcs, in the 46 Ill]a  plots (I1oL so much ill the 100 h]’a  plots, intcrcsting]y);  a

synoptic view of cm]y  results  from  MI,  S ill t]lc  1992 willtc!r  ovc)  tllcsc rcgiolls

was givcm by Walxm ct al. ( 1993L). WC will  come back  to the ozone 11oIc

briefly in section  4, but tl)c polar  rcgiolls  arc not the main emphasis of t])is

papm; scc Manncy  ct al., 1994a,l), for rcc,c])t discussions of polar ozone loss

basccl  on 11A 1{S data from h(l 1,S and tllc  (hyogcnic  l,imb Array Spcctromctcr

([; I,AES).

in the II]id-stlatos]]l)clc  (see tllc  10 1)1’a plots) at mid-to IIigll  ]atitudcs,

tllc annual cycle dominates, as a co]lscquc]]cc  of significant  }Jllotocllcmica]

product ion whic]l maximizes ill the sulnlncr. ‘J’llis  annual  variation is 01)-

served, with the cxpcc,tcd  &montll sl)ift bctwccn  hcmispl~crcs.  A well-knowl]

semi-annua] oscillation (SAO) dominates at low ]atitudcs  ill tllc  mid-to upper

stratosphere, as observed in these data as WC]]  (see also Eluszkicwicz ct al.

1994), ‘1’l]c SAO and associated vertical motions arc bclicvcxl to play a role  in

producing fcatums like the double-peak structures in ])rcss~llc/latit~l~lc  cross-

scctions  of SAMS N20 and C114 fields (Gray and l)ylc, 1987; Choi and IIo]ton,

1 991). 11) the uppm stratosphere, tclll])clat~lrc-clc]]cllclcllt  ozol]c destruction

cycles  play a dominant role,  al]d the 2 Ill]a  h41jS plots appear to follow such

tl’cllds (C.g. spring  mid-] atitudc  dmrcascs wl]en tcmpcraturm  arc increas-

ing), ‘1’hcsc and other features related to tllc annual a])d semi-a~)llua] ozone

variations arc in general agrcclncnt  with previous anal yscs by 1 ‘crliski  and

l,ondon  (1 989) and l’cr]iski  et al. (1 989). Furthc!r  correlative studies would

bc useful, however, for quantitative conclusions on tllcsc variations. 1{.ay ct

al. (1 994) provide a more detailed analysis of the! SAO, based on h41,S data,

. .
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and cxmmcmt  cm the amplit,uclc  cllalact(:l$ist  ic. s versus ]}rcssLlrc/latitrLlclc.

AIi interesting tropical fmturc is tl]c  cxistcnc.c  of low ozone abundal~c.cs

at 46 hl’a from oct. 1991  to mid-1 992. ‘1’hc low equatorial values (h’ig.  1 )

r i se  sha rp ly  during JuJlc-July  1992 aJId lCVC1 ofi until  the SC]>. 1993.  l“rom

late 1993 on, low values arc again  ohscrvccl  near the equator.. Fig.  2 furtllcr

shows that this low OZOJ-IC  tro])ical  feature splits into two somcwha,  t wcakm

sub-tropical lows after the sulnmm  of 1992. q’hc low ozone values may bc

]inkccl  tc) upwarcl  motion iu connection with the quasi-l~icnnia]  osci l la t ion

(QllO). lndcml,  the sub-tropical lows OCC.UY during  a period of equatorial

wcsl,crlics  (IICaI 2(I h]’a), a period traditionally associated with cmhanccd

downward motion at Lhc equator, wit]) upwcl]ing  in tllc sub-tropics as a rc-

su]t  of tllc rcturll ar]ns of the il)cluc.cd  circ.ulatiol~  (e.g. Gray aud l’ylc,  1989).

Obscrvations  of the sul.~-tropic.a]  ozone QllO, as clccluccd from ‘J’OMS data

I.)y IIowlnan (1 989),  can p]acc  col]strail~i,s  OIJ details of tl)c mechanism for tllc

Ql;() and the spread of rclatcx] auomalics  to other latitudm.  WC simply note

here that the sul]-tropics] low ozone values arc masonab]y  symmetric about

the equator - IIowmau (1989) al~d l,ait ct al. (1989) ])oint  out that,  tl~c ‘J’OMS

analyses show a mom symnlctric.  Ql;() I]cliavior  about tlm equator than pre-

vious  ana lyses  of grou]ld-bascxl  or NTilnbus-4  IIUV data -. IIowcvm, up l i f t

cflects  aud c i r cu la t ion  c]laugcs  arising from post-  1’iuatubo  acrosc)l  l]cating

would also have to be c.onsidcrcd  as all explanation for low tropical  cwo~ic

(Kinnc ct al. 1992, Scllocbcll  cl, al .  1993, Graut ct al .  1992, 1 9 9 4 ,  l’itari

1 993). Subsequent spreading of the aerosol to higher latil,udcs would alsc)

ncwd to bc taken into account; SAG 1’; 11 ammo]  data fc)r example, have pro-
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vidcxl much  in fo rmat ion  about the ]wlcwarcl  dispcrs.al  of h40unt  l’inatubo

acroso],  a process itself partly  conncctcc]  to the Ql~O (rJ’rcqJtc  and 1 litchman

1992; ‘J’rcptc  cl- al, 1993). ‘J’hc time constants for lofting (I<il]nc  cl, al. 1992),

and the fairly symmetric nature of tllc  latitudil]al  cross-sections of acroso]

cxtiucticm mmsurcd by ISAMS  (I,ambcrt  ct al. 1993) and (:I,AI’JS  (Mcrgc]I  -

tha]cr ct al, 1 993) duril)g  1992 would Icad us to bclicvc, how’cvm, that the

M I, S-obscrvccl  splitting of tro])ical  low ozo]ic values into the sub-tropics is a

result of residual circulation effects, possib]y  tied to the Q130,  as opposed to

acroso]-induced lofting effects. WC examine further ill l“ig. 4 the variations

in equatorial mixing ratio (A03, with respect to the recall ovm the two and

a half year period of MI,S observations. ‘1’llis  figure shows that the cl~a~]gcs

mentioned above for 46 h]’a am somcw]}at  anti -corrclatcxl  with chailgcs  oc-

curring at 100 hl’a.  Wc kcc}~ in lnind tl)c  caveats  mclltiollcd  ill s ec t ion  2 on

error estimates, with a remote possil~iliiy  that unmodclcd  variations in 11N03

or upper tropospheric 1120 could play a ro]c in Lltc ozone cfl’ects sewn )]crc;

however, wc fee] that tl)c main c.harac,tcristics  s]lown l]crc arc actual changes

in atmospheric ozone. ‘J’hc suggestion from the anti-c.orrclatccl  bchavio] in

these lowcx str.atosphcric  levels is onc  of op])ositc]y  dircctcd vcrtic.a]  motions

at the 100 and 46 I)])a ICVCIS. Wc do not know whether the h41,S variations

for 100 hl’a shown in Fig. 4 arc col)sistcnt  with mode] expectations at these

ICVCIS, but the cxpcctcd  opposite vmtical  motions on cithm side  of tllc zcro-

wind line (in relation to the Q}IO westerly/easterly regimes) could play a

role in such variations. Wc also note that the 100 hl’a. values appear to bc

mom affcc.tcd by annual  variat ions than the 46 Ill)a  valum. ‘J’IIc numcri-
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ml simulation of the 0H311C Q]]() l)y Gray and l)unkcrtoll  (1 990) cxhil)its  a

G month phase shift bctwccm the lnaximum in ozone at altitudes bdow 23

km and the maximum at about 26 km, which tllc  authors attribute ill part

to cllcmica]  control (Noy variatio]ls)  at the higher altitudes. The observed

phase shift bctwcm the obscvvcd  steep rise in hl 1,S ozone at 22 h l’a and at

46 h]’a appears to agree wit]] that  type of Imllavior.  With more h41~S data

and further ana]yscs,  altituclc and l a t i t ude  dcpcmdcnt  results  on the OZOIIC

Q]]() (amplitude and ]Jl)asc)  could l~c obtained, as clo])c  for SAG]; 11 data by

Zawodny and Mccormick  (1 991). 1]1 tl]c  lnid-to  u])pcr  stratc)spllcrc,  observed

var i a t ions  clisp]aycd  ill 1~’ig. 4 show a transition  towarc]s c.llal)gcs clominatcc]

by a semi-annua] signal  (at 10, 5 a])d 2 hl’a), with noticeable phase c.llangcx

at tl]c  diflmcnt  ICVCIS.

l’umuing  the ccluatoria]  variations a little furtl]er,  wc c.alculaic  the OZOI]C

colulnn  by integrating  the mixing  ratios in the vertical, using  the. rctricvcd

MI.S  profile ])c)ints o]]ly (i.e. mm-y C)LIICI IJcvc] 3 grid })oint ). ‘J’llcn,  basccl

on the MI,S  1,CVCI 3A 1, film,  wc produce an area- wcigl]tcd  avmagc for the 5S

to .5N latitude bin. ]n order to study tllc llcigllt-clc]~cllcicl~cc  ill the column

amounts ,  tllc column ozmlc  values above 100, 46, and 22 hl’a arc p]ottcd

ill h’ig. .5 as a function of time since oc.tobcr 1, 1991. A 36-day  smoc)thing

(running avcra~c) has been a],],licd  to l,clp  rc]novc  tl,c kl,cjwn spurious os-

cillation tied to tl)c  lJAI{S  ‘(yaw })criod)’. Wl]ilc  tl]c column ahovc 22 1)1’a

displays a strong semi-anllual oscillatory behavior, clearly c.on~lccted  to the

mixing ratio variations of lrig. 4, the column dcwIl to the! IOwc!l’ ICvcls  (100

and 46 hl)a) is also aflcc.tcd  by a lc)l]gcr-period variation.  WC infer  that this
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must bc a  m a n i f e s t a t i o n  of t,hc quasi  -bimlnial  oscil]atiol]  iu colu]nn  oy,onc

[see e.g. oltmans  and IJcmdon, 1 982]; a dcfi]litc  CJ)alactmizaticm  of the QIIO

from M 1,S data would rcquim a ]ongc.r time series aud removal of tl)c lncan

annual and semi-annual c.om]mncnts.  hflorc tl)orough  aualysm  fmln  satellite

data have been pcrfonncd  (e.g. IIilscnrath  and Sc.hlcsiugcr  1981, IIasebc

1983,  llowma~l  1989). Ncwcrthclcss,  it is IIopcd that  furtllcx  inves t iga t ion

into the 46 and 100 hl’a ozone data from hll,S  (SW fig. 4) will lcacl  to an

improved  undmstanding  of the QI)O signal  and its gcncratioll.  ‘1’l]c l)otto]n

pane] of l“ig. 5 shows the zonal  mean winds at tl)c  equator, at 46 111’a and 22

hl’a, based on Unitccl  Kingdom h4ctcorological  Ofhcc  (lJKh40)  data (Swin-

bank & O’Ncill  1994). ‘J’hc  ozone QIIO l]as traditionally Ijccn Iillkcd to the

lower stratospheric. wincl Q]]() and wave-drive]] vertical motio]~s  (1 lo]to]] and

l,indzcn  1 9 7 2 ,  l’]uml)  1984) wllicl]  mu ]nodulatc  the  total coluIm I. l,ait ct

al. (1 989) have found better correlation hctwccn ‘J’0h4S total  column ozone

Q]?()  signal  and the 30 IIl)a zonal  winds at tl]c equator,  thau with the 50

h}’a winds. Also, ]Iowman (1 989) finds maximum correlation  bctwccn ‘1’oh4S

column ozone data and zona]  mean wiuds  at 20 hl’a. ‘J’llis  agrees wit]] the:

general relationship shown in Fig, 5, W1lCIC better correlation is appam]t for

winds at pressures of 22 Ill)a  than at 46 hl]a. ‘J’hc maximum ozone values

occur  during  the wcstcr]y phase of the dynamical  QIJO  near 22 ]~l)a, plc-

sumably in conncciion  with the downward lnotion gcncral]y ascribed to this

QBO phase (e.g. IIamilton,  1989; Gray a~]cl  IIunkcrton,  1990). \Yc note that

the long-term column ozone  variations SCCI)  ill lrig. 5 (for tllc  co]um]is  dowl]

to 100 and 46 Ill’a)  arc mostly driven by the changcx  at 46 hl’a SIIOW]] ill Pig.
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4, in qualitative agrccmcnt wit])  tl)c implications from Gray and IIunkcrton

(1990). l~urthcrmorc,  tllc  exact ],l)asc relationship bctwccn ozone and zona]

Incm winds at various hcigllts  call bc affcctcd by the feedback mechanism

of ozone heating on tl]c circulation, as wc 11 as by pllotochcmical  effects [see

the rcccmt work by 11 ascbc (1994 ) and czwlicr  modeling  by l,ing and l,ondon

(1 986)]. l“urthcr  compzwisol)s wit])  such modc]s would  Ix of much intcmt,

despite the mlativcly short  time s])an of MI,S  observations.

Wc IJOW extend the considmation  of co]uJnn  ozone variations to other

latituclcs,  givcm tl]c  importance of tllc  column to attenuation of solar UV ra-

diation and the cxistcncc  of lol~g-tc.nn lnc.asummcnts  of column  ozone from

othm instrumcmts<

4.

6,

An overview of MLS ozone  column data

A]) al)alog  to  tl)c  mixing ratio t i m e  s e r i e s  of h’ig. 1 is SI1OWII i!) Fig.

for ozone  in teg ra ted  above  100 l]l)a,  every 16 dcgrccs in lat,itudc. ‘J’hc

intcrannua]  ozone column chal]gcs,  for this two and a half year time period

arc seen to maximize il] tl]c  llortllcrn mid-] atitudcs,  1]] particular, the 48N

octobcr  values arc very similar for tllc  tl)rcc years,  but tl]c  rate of inc.rcasc

towards tl]c  well-known Marc.]] maximum varies substal)tially  in cacll  of these

years. ‘J’llc  second year (solid dark hluc line) S11OWS lowm  values than the

first  year (dottccl  ligl]t blue lil]c) i]] the wil]tcr, whi]c  tl]c  third  yea r  ( th ick

rcd  line) exhibits ozone values higher than the first year in that season. It

turns out that Inost  of these cllallgcs  am driven by intcrannual  variations in

tllc  100 1)1’a mixing raticm, as discussed furtllcr  Lclow. ~’l]c July through
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%ptcmbcx  column ozone va]ucs  arc quite  similar duril}g 1992 and  1993 for

micl-to-higl]  nortl]crn  ]atitudcs. ‘J’llc cquatoria]  colu]nn  lmllavior  mirrors the

cl) angcs  seen in l“ig. 1 at 46 Ill’a,  as sl]owli  also ill the previous sect ion.

lntcrannua]  variations  at tl~c southernmost ]atitudcs  (8O dcgrccs  south) arc

most apparent during the vortex break-up  phase. (Novcmbm), as onc mig]]t

expect and arc quite small at otllcr times.

111 order to get a broader view of the changes at diffmcnt  latitudes, wc

have procluccd  mca-wciglltcd  illtcgrals  of the columu ozone variations for

cliffcrcnt  la t i tude ba]]ds  in IPig. 7 (iop left pallcl),  as op])oscd  to tl]c sl)ccific

latitudes of Fig. 6. T h e  glol>c has Lmm s])lit intc)  Iatitudc  intcm’als  ranging

from  (in dcgrccs)  O to 15, 15 to 30, 30 to 60 (mid-lat i tudes) ,  and  60 to 80

(polar  ]atitudcs);  also tl]c 30 S-80N,  30S-30N,  and 30N-80S  bins arc sl,own.

‘.l’l)c vert ical  intcrva]s  arc the salnc ( 1 0 0  I)LJ froln  mil~imum  to maxilnunl)

cxccpi  for the 60-80S bin.  l“tlltllcllllolc,  h’ig. 7 illcludcs  tl]rcc other pal]c]s

to give column above 22 1) l’s, and the columl)  alnoullts  bct,wccl] 100 and  46

Ill’a,  and Lctwccn  46 and 22 hl)a. Again, the striking feature is tllc  IIOrtlICrIJ

micl-latitude (30-60N)  wil)tcrtilnc co]un]n  dccxcasc  (or S]OWCI  rate of il]c,lcasc)

during  1992-93 vcmus  1991 -92; an average dro]) of about 8% (20 to 25 I)lJ)

is cvidcljt  from mid-l  )cccmhcr to nlicl-Marcll  (if O]]C assumes col)tinuity  in

the time intcrva]  during  which MI,S  is ]Iot viewing tl]csc  regions). lioughly

half  of  this  dccrcasc  a r i ses  f rom t}]c layer bctwccn 100 and 46 1]1’a, and

anot,hcr  quarter comes from the 46 to 22 hl’a la<ycr, as can bc see]) fron] al)

cxamil)ation  of t,hc other  panc]s in l~ig. 7. Similarly, more thau half of tllc

rccmvcry in the 1993-94 winter is coming from tllc lowermost layer nlcasurcd
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hm! (roughly 50 to 100 Ill’a). ‘1’hc 1993 dccrcasc  is rcduccd  in M a y ,  and

has csscntial]y  disappeared by mid-sumlllcr. 111 Gmly 1994, Columl] Ozollc!  at

l~orthern  mid-] atitudcs  is rougl]ly  5$Z0 llighcr  tl]all in cwly 1992. ~’hc highest

northern latitudes also shc)w  largm ozone values in late 1993, but vzducs C1OSC

to tl)c  car]y 1992 mcasumncnts  in czwly 1994. Whi]c the 1992-93 cl}angcs

ill the 60-80N latituclc  bin arc similar to those occurring in the 30-60N bin,

t,hcy arc, intmmtingly,  smaller in magnituclc;  overall, this is also true of Lllc

changes in tl)c  15-30N biu. Wc discuss the mid-] atituclc  ozone observations

and potcniial  implications at greater length in section 5.

II] the tropics,  the second year of MI.S obscmations  gcncral]y shows larger

ozone column values  thau the first  year, in contrast to the behavior at hig])cr

latitudm  ill the uorth.  ‘J’hc integral  over 30S to 30N (an area cqua]  to half

the global  area) shows very little c.l)angc from year to year ancl within  cm])

year in tllc ozouc  colum]] above 100 Ill’a.

‘1’hc other fairly  large diffcrcnc.c  of IIotc is the Octoljcl-No~’cl~ll)cr  1992

low ozone iu the 15-30S latitude Lin; in this case, an cxaminatiou  of the mix-

ing ratios snows that these c.hangcs appcm to c,omc mostly from tllc  l)rcssurc

ICWCIS  above 100 h]’a (46 Ill)a ill particular). A large component (about  half

or mom) of the 15-30 dcgrcc bin column  ozc)l]c values and annual variations

(ill  both  hcmispllcrm)  comes fmm the column above 22 Ill)a,  ~’llc  average

ozone column cl]allgcs ill the 30-60S bill from year to year are significantly

smal]cr  than the average dccmasc  iu the corresponding northmm  hcmispllcrc

bill.  l{’iual]y,  tl]c  60-80S latitude bin clearly show the cxistcncc  of an ozone

l]oIc dcvclopmcnt  during  August/Scptcmbcr  a]ld the largest intcranllua]  vali-
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ability is obscrvcxl during  vortex break-up i]] Novmnlxr.

More focusscd  clcscriptions  of the ozone changes in the polar  vortices, as

obscrvcxl from  M 1,S data aua] yscs have been  given by Waters et al. ( 1993a,b),

aud  hlanncy  et al. (1 993, 1994a,b).  in particular, hlanuey  et al. ( 1 9 9 4 a )

discuss the cviclcmcc  for vortex-averaged ozone  clcplction  iu the northern win-

ter, by contrasting the behavior of ozone  with long-lived tracers measured

by (~l,AIM.  Although wc scc no evidence for all OZOJ]C

tl]c  zonal  mcau ozone  column during  t h e  wil]tcr at  60

the 60-80S bin duriug  Scptcmlm,  the rate of iucrcasc

hole dcvclopmcnt  iu

80N,  as observed iu

in the columu is no

doubt  reduced  by clllori]~c-il)(lllcc(l  ozone  destruct ion (given the M1,S (110

observations also presented i]] some of the above references).

Wc conclude this scctiol~ with a conl})arisol] of tlIC MLS OZOIIC  variations

at high southern  latitudes with Nimbus-7 ‘1’0h4S total column data.. l~ig.

8 g ives  a  llcigllt-(ic]~(lll(lc~)t  vim of the column c.haugcs as seen by h4 1,S,

for columu al>ovc  100, 46, and  22 h] ’a, during  the mout]ls of June thrcmgh

Novcmbcx  1992. ‘J’his shows that tl)c overall trcl]ds  observed by ‘1’0h4S  arc

fairly  WC]] reproduced ill the MI,S columII data above 100 hl)a, both  duriug

the dcdinc  and LIIC s})ringtimc  iuc.rmsc. IIxact  tr.acki]]g bctwccn these data

sets is not cxpcctcd, bcc. ausc of the lack of ])olar  l]ight  data iu the case of

‘J’OMS and because of the diflcrcni  horizc)ntal  ancl vcrtic.al  resolution lmtwccn

tllcsc instrumcuts  (’J’OMS ca]] samp]c cssc]ltially  down to tl]c  grouIId,  if the

effects of clouds  aud tro])osphcric  profile assum])tio])s  on the retrievals arc

small). IL is not c]uite yet clear, though, why better correlation dots lIot exist

i]] tllc short-km  peaks occurring iu %ptcmbcr  (these arc ticcl to warllli]]g
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cwcmts;  scx l<’ishlxin  d al. 1993). ‘1’hc figure also adds  hlI,S information on

columD  ~ilovc other  levels, and this shows that most of the dcp]ctiol)  in total

column comes  from a rcductio]]  ill the ozone amount M wcm 100 and 50 h I’s,

in agrmmcmt  with previous finer  resolution vcrticd profi]cs  from ozonmondm

over  Ant.mcticn (c.q. IIofmauu  et al. 1 989). 111 contrast, the C.olumu  al)ovc

22 Ill)a  is observed to incmasc  during  tl]is time pcriocl,  ]Jmsumably  bemuse

of a combination of production incrcmc (mom sunlight) and  mixing of IIighcr

Ozone! values  from

5.

a.

M i d - l a t i t u d e

lowm  latituclcs.

ozone  decreases

14Lrihcr ohcrvaiional  analysm

Wc pursue here a mom clctailcd  dcscript]on  of the mid-lat i tude ozone

dccmmsm  in 1992-93, as well as possib]c  implications. IFirst, a comparison

with the ‘J’oh4S results is warrautd.  Nimbus-7 ~’0h4S  stoppml fu]]ctioning

in May 1993 (last good full clay of data is May 6), after over 14 years of out-

standing operation. Wc have added mcmt results from the M(!ixwr-:j ‘1’0L4S

instmmcnt  as comparison for 1993, including the 1 .Janualy to 6 May over-

lap period with Nimbus-7 ‘J’OMS. ‘J’l]c Meteor-:3 instrument is in a prccwssing

orbit which leads to periods of time duriug  which observations c)vcr a good

portion of a hcmisphcm  arc not possible (solar  zenith anglc!s  arc too IIigll);

bccausc of this (and instrumcmt  malfunction during  most of .Iunc  1 993),  wc

have omittcxl  all of .Junc at all latitucl(!s,  a s  WC]] as a l l  o f  J u l y  for soutlE

cm latitudes from the Meteor-3  data rcc.ord. ‘J’hc ‘J’0h4S and  MI,S  c.oll]mn

amounts from oc.tobcr  1 1991 to cnd of Septcmbcx 1993 ar(! shown in l“ig.
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9, for the 30-60 nortl)cm and  southern latitude regions. We SW! from tllc  fig-

ure that very good agrccmcmt  is obtained lmtwccn  both g’OMS instruments

during tl]c  1993 overlap period sl]own  l]crc. ‘1’hc 1992-93 dccmasc in ozone

column is cvidcmt  iu ‘J’oh4S  data (as discusscxl  by Gleason ct al. 1993). This

is particularly true during winter/s]JrinF; in the north, 1 )ccrcascs iu the south

arc largest in the car] y part of the diag;ram, i.e. in October/Novmlbcr.  IIy

cnd  of August 1993, ‘J’oh4S  average ozone  colum]l  amounts have basically

rcxovcrcd to the 1992 values, but may still lic somewhat below the cxpectcd

lows based on long-term variability (1 lcrmau ct al, 1994); these authors note

that the average symmetry hctwccn llcmisphcric  (]ong-term) dccrcascs has

lmcn broken since  the onset of large OZOIIC IOSSCS  in 1992, mostly iu the north-

ern hcmisphcrc. ‘1’llc hfll,S ozone column  data appear to agree qualitatively

with the genera] results seen by the ‘1’0h4S instruments over this time pe-

riod. l,argc uorthcrl)  hcmisphcrc dccrcascs arc also seen by M 1,S, especial] y

in the wintertime, when the absolute dcc.rmsc  is similar in both  data sets

(20 to 25 I) U). ltccovcry  to 1992 values appears to occur somewhat quicker

in the MI,S  results than in the ‘J’0h4S data. ‘1’hc rcc.ovcry  iu tl~c south (iu

August) is observed in both data sets. ‘J’llc  maiu diflcrcncc is in the mag-

nitude  of tllc southern dmmcascs; ‘1’OM S-inferred dccrcascs arc significantly

(50 to 100 %) largm than the MI,S co]um]l  diflcrcnccs during  Novcmb6r  and

Jauuary/l~cbruary  in particular. l{ccping  in mind the MLS column precision

estimates ill scctioll  2, and tllc  fact tl)at a large number of profi]cs  (more than

250) arc averaged in the latitude bands discussed llcrc,  noise in the MIS av-

erages sllou]d  bc at tl]c  subl)obson  u u i t  ICVCI. ~Systcmatic  cflccts  (see also

/
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section 2) can rcmaill,  as see]) for cxamp]c  i]) the artificial oscillations for

M1,S data within  cdl UA 1{,S  yaw period, ‘J’hcxw cflcc,ts  (c)f order 51 )lJ)  arc

reproduced in both ycms, however, and should not aflcct the intcrannual

diffcmnccs  at the systematic ICWCIS (mom than 10 l)lJ) observed by ‘J’OMS

in the south. Rather, a systematic il)tcll)clllis]]llcric  diffcmnce bctwccll  botl]

years would have to bc invoked, in either ‘J’0h4 S or M1,S data. ‘J”akm at face

v a l u e ,  t h e  diflcmnccs could  imply t]lat t]]c column OZOJ]C dccrcascs  in L]lc

southern }Icmisphcrc  occurred at relatively 10WCW altitudes (with respect to

the 100 hl’a pmssum level)  than ill tlJc northern hcmispl]cm  , so that MI,S

did not samp]c  the whole  effect in the south. It appmrs unlikely that  acroso]

Or tropopausc  hcigllt  cflccts  could  cause such diflmwnc,cs  in the retrievals bc-

twccn  ‘J’OMS and MI,S  measurclncmts,  al]cl  fu r the r  inves t iga t ion  into tl)is

discrepancy in tl)c  magnitude of the il~tcrl)cl~lisl>l~cric  diffcmmccs  is ncdccl.

lJnfortunatcly,  there arc fewer grc)und-based or OZOIICSOIICIC  data sets in the

south than ill the nortl  I to help ill this matkr.

We offer a finm  resolution picture of tllc MI,S  column changes in ]~igurc

10, WIICHW  tllc  complck  zona] mean column data set is mapped as a function  of

time, for the two years discussed above. ‘]’hc bc)itom  panel gives tlIc  diffcrcnc.c

(s~colld  ymr minus the first) and puts tllc temporal and ]atitudina]  CXtCIIt of

the changes at northern mid-latitudes cluring  tlIc  first  part of the time pmiod

(wintertime in particular) in cvidcncc. OIIC of the changes contributing to the

4observed mid-] atitudc  year-to-year diflmcnccs can bc found hy cxamiuing  lC

20-30N latitude region, WIICIC  the dcptlI  of tllc aunual  lnillilnum  in t]lc  fall is

SCCI1 to bc ]argcl  in the second year (1 992). Also, t]Ic 30-4(3AT band  exhibits a



23

clccrcasc  bdwccm octohcr  and l)cccmbcr,  as  opposed to tlIc jncrcase in the

plcvious  yca’1’. ‘1’hc low ozone values in the 20-40N latitude region  arise as

a combination of the low values at 46111’a, obscrvcxl in the splitting of the

equatorial low mcmtionccl  ill scxtion  2, and the overall lower ozone  values in

the 100 hl’a region (see Fig. 2).

l’ancls in lrig. 11 depict the changes in latituclc/pressure cross-sections

from car]y 1 )cccmbcr through nlid-hlarch,  in rough]  y two week averages. ‘J’hc

first year (1 991-92), second year (1 992-93), and diflcrcnccx  Imtwcm the two

arc shown. ozone concentration (units of 10] 2 molcculcs/cm13),  rather t])an

mixing ratio is plotted, to cm])llasizc  the lower stratosphere, where c]]augcs

at 46 and 100 h]’a arc most important for  column abundances. IIighcr  equa-

torial  ozone values arc observed near 46 hl’a. iu the second  year, as seem

clearly in the diffcrcncc plots, aud the early 1 )cccmbcr southern sub-tropical

dccmasc  is also seen. The cfl’cc.t  of lower ozone concentrations in the 100 Ill)a

prcssum range in particular is evident at mid-latitudes, with the diflcrcnccs

migrating to higher  latitudes as tilnc progresses. l]] late February and early

March, the ozone dccmascs  arc spread over  a larger vertical extent  than dur-

ing  l)cccmber,  possibly as a result of polar vortex proccssil)g  and subsequent

dilution cflccts  at lower  latitudes,

l!). l)iscussioll

Figure 11 is consistent with the long-llc]d  views that high latitude wintcw-

s])ring  ozone  columu values arise from tl)c  po]cwarcl  alld downward transport

of large ozcmc c.onccntrations  produc.cd  in tile tropics< ‘J’hc mid-latitude fall-

wintcr dccrcasc  may bc related to the mixing of lower than usual values  from
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the 50-100 hl)a vertical range at low latiiudcs  (20-40N) into the lowcmnost

(100 hl’a) mid-latitude regions. l’olar rc,gicm  dccrcascs may have played a mlc

in l“ebruary/March  [indeed, higher ~lo is obscmwd  Ly M 1,S in the vortex in

1993 (Manney  ct al. 1994a)],  but not in tl)c  early wi]]kr, when high  lat i tude

changes bctwccm the two years arc small and much lower Cl O is present in

the vortex. lndccd, MLS results  from tl]c  previous sect ion SIIOW that the

ozone  dccrcasc iu 1992/93 CIOCS not start in the polar  regions and spread to

lower latitudes.

The low ozone. values  olxmwcd  at mid-latitudes by h41,S arc gmcrally

consist&)t  with oihcr rcccmt]y  reported mcasurcmcmts  such as the Nimbus-7

‘1’OMS results (Gleason ct al. 19!33),  indicating unprcccdcntcxl  low global

ozone in 1992, the ‘1’OMS update  by IIcmnan and l,arko (1 994) with hJcteor-

3 g’OMS data adclccl  up to July 1993, and other groul)d-based ant] satellite

results (JZojkov  1993, Kerr 1993, IIof]nal]l)  et al. 1993, 1994, Koml Iyr ct a].

1994 ,  l’lanct ct al. 1994). Given the ‘1’OMS IIistorical  rccorcl and s tat is t i -

cal modc]s  which can fit this record up to ] 991, the ] 992 and 1993 ozone

column changes at nortllcrn  mid-l atiiudcs  in particular arc significantly out-

side cxpcct,ations  (G]cason  ct al. 1993, IIcrman aud ljarko 1 994). IJcs]jitc

the  diflcrcncc in the m a g n i t u d e  o f  the IIcmispl)cric.  asyln]nctry  in tllc dc-

crcascs discussed above for M 1,S versus ‘1’OM S, the M 1,S data support t,hc

s t a t emen t s  b-y IIcrman and l,arko  (1 994) that “tl]crc is 110 longer an avcl-

agc symmetry bctwccm the hcmispllcrcs’>, bascxl on the  1992/93  d a t a  and

comparisons to ]ong-term records (Stolarski  ct al. 1991, 1992, IIcrman ct al.

1993, McC;omlick  ct al. 1992, Niu ct al. 1992). ‘J’llc  1994 MI,S  data apl)ca]
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to show a mtum to )m-1 992 values, which  should IN mom in-li]lc  with the

IIistorical  cnvclopc  discusscxl in ‘1’OMS data ana lyses  such as those of llcr-

man and  l,arko (1 994). ‘J’hc northmu  mid-] atituclc  ozone dcmwascs  obscmd

during the two y(!ars  after the eruption of Mount l’inatubo  (June 1991) arc

about an order  of magnitude larger than the already significant long-term dc-

mcascs  discussed in some of the above mfcrcn ccs. ‘1’here were also equatorial

ozone  dccrcascs (Grant  ct al. 1992, 1994, Sclocbcrl  ct al. 1993, 1 lcrman and

l,arko,  1994) in the months just after the muption.  ‘1’hc low MIA equatorial

values (late 1991 aud early 1992) appmr  to support the latter findings, but

the MI,S data lack the long-term record for comparisons from the pm-  and

post- Pinatubo  time periods. ludmd, other cfl’ccts probably played a role  in

the continuation of low ozone at low latitude, as observed iu MI,S  data.

The combination of these  observed ozone dcxxcascs,  as WC]] as the rccovcxy

ill late 1993, point to Mount Piuatubo  as a likely culprit for at least part of the

ozone cha,uges. As mentioned above, as well as by IIermau and l,arko (1 994),

the timing of the dccrcascs does not sul)port  a polar ]~roccssil~g/dil[ltiol~ ef-

fect alone. Furthermore, known natural causes of ozone decrease such as

solar flux variations or Q130 effects appear to bc too small to cxp]ain,  by

thcmsc]ves,  the large rcccnt  chaugcs  in ozone (Schocbcr]  ct al. 1993, ~handra

1993, GIcason  ct al., 1993, IJcrman  ct al. 1 993). Rather, a combination of

cffcc.ts is probably required, but the timing, duration, magnitude, and latitll-

diua]  extent of the ozone dccrcasc  all need to bc addressed. 1 lcatiug  by the

\/o]c,allic  acroso]  appears Lo ]laITc  ~)ccllrICC] a,ftcl t]lc  MOU]It ])illatubo  c]up-

tion  (Labitzkc  aud Mc~omlick,  1992). Such heatiug  can then lcacl to uplift
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(and Subscqumt  adiabatic ccm]iItg) in ihc tropics] ]OWC!I’ siratosphc!rc  (Kinnc

CL al., 1992), with acxompanicd  reductions in the ozoIle concentration. lhr-

thcr changes in the circulation call also I)c cxpcclcd, aIId some models IIavc

acldmscd these issues (Brasscmr  and (3ranicr  1992, Granicr and IIrasscmr,

1992, Pitari 1993, l’itari and l{izi 1993,1<i1~l]iso1]ctal.  1994), cvcu  though a

ful]ycouplccl  tllrcc(lilllc!llsiollal  simulationof  tllcra(liativc,  (lyllalllical,  all(l

chcmica] cflccts (with realistic aerosol distribution and decay) is a difficult

task. Radiative effects a]onc,  howcnm, would lead to a dccrcasc  in the trop-

ical ozone amounts, but au incrcasc in tllc  mid-high latitudes (based on such

models). ‘1’bus, incrcascd  chemical destruction associated with hctcrogcncous

rcmctions  on the sulphatc  M1OSO1S appears to bc ncxxlcd to explain tl)c micl-

latitudc  ozone 10 SSCS. Sucl]  effects were cliscusscxl  previously (1 Iofmal]n  md

So]o]non,  1 989) in connection with the El Chic.hou eruption and possil>ly -

rcl atcd 07,0]] c dccrcasm. II] ])artic.ular,  N205  hydrolysis on sulphatc  aerosols,

and  the related dccrcasc  il] availab]c NO,. and  iuc.mast in (~lOT (and 1107, has

lmcm implic.atcd as a major reason for long-tmn  trends in ozone  (Rodriguez

ct al. 1991 ), as WC]] as for ol)scrvccl  changes in lc)wcr stratospheric spccics

c.oncmtrations  (e.g. Johnston ct al. 1992, h’alley ct al. 1993, Avallonc  ct al.

1993 ,  So lomon  ct al. 1993, Kawa ct al. 1 993); acroso]-induccxl  changm ill

photolysis  rates call also c.ausc pcrturljatiol]s  ill c.llcmical spcc,icx al)ul~dallccs

( e . g .  I14ichcdangcli  ct al. 1989, 1 992) .  llc~wcvcr, t))e car]y reduction in the

tropics is likely a rcsu]t  of c,hall?;cs  in the atmos])hcric  llcating  ancl circulation

(e.g.  llrasseur and Grauim, ]992).

h40dcd  calculations of tllc  ilnl)act of ]Ictmogcv)c)c)us  rc.actions  c)]) sul]jllatc
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aerosol (see also l’itari  ct al. 1991 ) gencral]y pmclic,t  ]argcst ozone decrcascs

at high ]atitudcs.  A rcmnt 2-1) mode] with more realistic  acroso]  distribution

by Rodriguez ct al. (1 994) gives a reduction (from a background aerosol

case) of about  2-4 YO in the 30-60 dcgrcc latitude region, with a pcmk at

latitudes polcward  of 60 degrccx.  Reasons for the high-latitude peak include

the larger availability of inorganic chloriuc, the longer rcplcnishmcnt  time

for  OZOIIC, and the slower photodissociation  rate of ] I N03 produced from tl)c

heterogeneous reactions (SCC also 1 lofmaun and Solomon 1989), lntcxcstingl  y,

OZOIIC destruction cycles iuvolving  cnllancccl  II ox amoul]ts play a lal’gc~’ I’OIC

than cycles involving the enhaucccl  C;lOT abundances.

g’hc following aspects of the MI,S (aud TOhlS)  observations may bc the

most  c.hallcnging  to undcrstal]d  in dctai]:  (1 ) the latitudinal extent of the

changes, i.e. the observations do not support a l~igh-]atitudc  maximum clc-

crcasc genera] 1 y prcdictcd  by models (2) the asymmetry i u t hc dccrcascs

about the ccluator , and (3) the large dccrcasc  in 1993, occurring later than

the year dircctl  y following the eruption. lssuc (1) may have to do wit]] the

mode] treatment of polcward  (and  cross-vortex) transport of tllc aerosols and

related hctcrogcncous  chemistry cflccts. ‘1’hc extent of rcccnt  ozone changes

at northcm ]atitudcs  rcscmb]m mom the rcsu]ts  of l’itari  ct al .  (1 991) if

the aerosol distribution is artificially limitccl  to latitudes soutl]  of 55N (tllcir

]~ig. 2b), bu t  t h i s  may  bc an uurclatcd coil~cidcllcc. If cnhamc.cd  cl)cmical

destruction is taking p]acc at high latitudes as a result of volcauic aerosol,

cmhanccd  po]cward  transport of ozone from higher tropical altitudes COUIC1

mask the effect. It is intcrcstiug,  that tllc  long-tcmn  ozone trends lmscd  on
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‘J’OMS data, as clcduccd  by Niu  ct al. (1 992), SIIOW mostly negative values at

high latitudes, but  some longitudinal regions of illc.mast as WC]], clurillg the

winter only. For issue (2) above, it is worth noting  that  cnhanccxl  nortl]warc]

transport is not uncxpcctcd  (SCC l’itari aud l{izi 1 993), after the eruption of

M o u n t  l’inatubo.  IIow  this nort]]-south  asymmet ry  cou ld  ]cad  to a ]argcr

dccmasc i]] ozone in the northmm  mid-] atitudcs  (as opposed to the high lati-

tude effect mentioned above) is anotl]cr  issue. IIctails of the transport in the

lowmmost  stratosphere (and possibly the troposphere) could play a role here.

For cxa,mp]c,  JJou ct al. (1 991) have shown that cflccts  ranging from plane-

tary waves (SCC also ljcovy  ct al. 1 985),  to mcsosphcric  drag and tropospheric

forcing (in addition to pl)oi,ocl]cmistry}  can  influcnm tl]c lower straiosphcric

ozone amounts (and tl)c  colunln  ozone); tllcy  also discuss the north-south

asymmetry ill transport (in relation to the asymmetry in the spring  colum~]

m a x i m u m ) .  ‘J’lIc  aerosol olmcrvatio]ls  from SAG14; (Mc~om)ick  and \~ciga

1992 ,  ‘J’lY?]JtC  ct al. 1  9 9 3 )  IIavc sl)own that tl]c  Mountf l’inatllbo  acroso]s

spread most] y southward in the first mont]ls  after tllc eruption; however,

the altitude distribution of the northward and southward cmmponcJ]ts  was

diflcr(!nt,  wit]] tl]c  northward dis])crsioll  occurring at lower altitudes. ‘J’IICSC

]owcrmost  s tratospheric a]titudcs  may bc the critical diffcrcl]cc,  based 0))

MI,S  ozone data in both hcmispllcrcs.  1 lowcvcr, the IJA IM aerosol cxtinctiou

data from ISAMS and (Jl,Al~;S  ill 1992 do not show much asymmetry bctwmm

t h e  t w o  llcmisphcrcs  (I,ambcrt  ct al. 1 9 9 3 ,  h4crgcnthalcr  ct al. 1993). 1])

terms of the chcmica]  cflccts,  IIcshlcr  ct al. (1 993) Ilotc  that at 41 N latitude,

tl]c  important acroso]  surface area (and mass) showed a maximum al>out  6
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months after the eruption, with a fairly steady behavior tllrc)ugh 1992. Wc

add that  the mid-lat i tude C~10 data from MIA show little  asymmetry bc.-

twecn  the l]cmisphercs  (Waters ct al. in preparation).  IIowcvcr, the data

in the lowermost stratosphere have tl)c  largest errors ancl  could mask the

cxistcncc  of some north-south asymmciry  ihcrc. Also, in conncctiou  with

question (3), the MI,S  ~10 data make it clifl]cult to explain the 8 Yo reduc-

tion  in ozone during  the winter of 1992-93 by [YO-related chemistry alone

(if wc usc first-order cstimatm of the impact  of the ~10-dimcr,  ~lo-l~ro,”

a n d  C 1 0 - I I 02 rates on ozone  column); this is also true for more complctc

calculations (including IIOX and other cycles) by Rodriguez d al. (1 994),

who find a fcw pcrccnt reduction in tllc column, ‘1’hc latter authors poini

Out that  saturat ion of the NZ05 hyclro]ysis  IIctcrogcncous  reaction Occurs

during  both years following tl]c  cru])tion,  and this - combined with the long

time constant for ozone in the lower stratosphere - explains the long  stcacly

duration of the cllcmica]  destruction. Given the magni~udc  of tl]c  observed

changes,  we find it likely  that othm cflcc.ts played a role  as W C]] .  Although

Rodr iguez  ct al. (1 994) note that ullccrtaintics  in hcimrogcncous  reaction

rates could be invokccl, this WOUIC1  not rcso]vc  tl]c  question c)f an asymmetry

bctwcm hcmis]~hcms  (based on their mode]). 1 lofmann  ct al. (1994) point

to the QI+O as only a partial possib]c  explanation for tl)c  larger dcc.rcascs  in

ozone  obscrvccl  in ozoncsondc  data during 1993.  lndmd,  tl]c  ]~hasing of t}lc

QIIO (SCC ~handra  1993, Zcrcfos  ct al. 1992) would imply a relative high in

mid-latitude ozone in early 1992, followed by a relative low in early 1993 (al-

most opposite i]] phasing to the variations shown hcm at the equator for h41,S
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column ozone).  ‘J’hc stnmgth  of planetary-sc,alc waves is also couplccl  to the

phascof  the Q])(3  (Ilolton  and ‘l’aI), 1980). l;asccl on the M1,S data shown

in this paper, the northcm  hm]is])l)crc  sub-tropical low ozone column during

]atc 1992, and subsequent mixing; to ]]ighcr  ]atitudcs  during wil]tcr -in t])c

lowmnost  stratosphcm-  , could play a part in the low nortl)ern  micl-la,titudc

ozone values cluring  the 1992-93 winlm. If the mid-] atitudc  lower  strat[)-

sphcric  ozone values during  winter occur  largely as a result of transport from

higher  a]titudcs  in the tropics, l]owcwcr, less cfficicnt  transport in 1992-93

would have to bc invoked. l’rcvious  models (c.g,  ‘1’ung  and Yang 1988) have

acldrmscd  seasonal changm in column OZOI]C, particularly at high latitudes,

but IIavc not  emJJhasizcd

lowermost stratosphere.

the seasonal bchavioy  of mid-latitude ozone  in the

5 .  Res idua l  ozone  (TOMS minus MIS)

Sinm the ozone  clata  f r o m  ‘J’OMS give the otal column down to the

ground  (under the caveats mcntiol)cd  earlier) and arc gcmmally  quite con-

sistent  with  ground-  l)ascd n]casumncmt,s of total column, onc is tempted to

subtract stratosphmic  colu Jn]]  ozone values from the ‘1’OM S data in order to

i JlfCr  Lroposphcri  c OZOJI c. Ozone in the troposphere is a prccumor for 01 I,

an important radical which controls the oxidization of various source gases,

inc]uding  methane a]]c] hydrogenated c]l]orofll  lcjroca.1’~l(jlls  (] ] ~]i’[k).  lJsing

TOMS and SAGI; data, lrishman  ct al. (1990) found that residual (q’OMS

Jninus SAGE) OZOJIC was ]argc  downwind of Africa in t])c tropics and that

the abulldancm  lllaXillliZCd  dul’il!g t]lc  tillle of biomass huming (the dry sca-
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son ), bc!twcc!n July and OC.tObCl’. similar results were Obtaillcd  by Gos Ct

al. (1 992), from an analysis of the satellite data over IIramavillc,  Congo  (4S

latitude); tropospheric ozcmcsondc  data from that sit(! appear to agrcm fairly

W C]] with  the satellite residual values. ‘J’roposphmic  ozone column amounts in

the latter study range  from about  30 to 50 I)U, with a peak in late summer.

l“urthermorc,  the obscrvcxl scasona]  cyc.]c in tropical total ozone column may

be dominated by tropospheric ozone variations, (Oltmans  1981, IJogan and

Kirchhoff 1986, Fishman et al. 1 986); the amplitude of tl]c  seasonal cyc.lc in

the tropics is typically of order 201 )U and tllc  ozone maximum at the surface

tends to occur about  two months earlier than the stratospheric ozone pca.k,

Imscd on limited data sets  (oltmans  1981). ‘J’hcm is considerable interest in

determining  the controlling factors for tro~josphcric  OZOI)C  (biomass burning,

for cxamp]c,  v,crsus  s t r a tosphe r i c  in t rus ions ) ;  tl~c model by l,aw and l’ylc

(1 993) lcmds  some support to tllc cxiskncc  of phase diflcmmccs  bctwcxm tlIc

troposphere and the lower straiosphcrc  in the tropics.

Wc show hcm an cxamp]c  of residual ozone from Niml)us-7  ‘J’OMS minus

MI,S column  ozone (where the hJl,S  coluImI  is above 100 ]11’a).  ‘J’hc latitude

bin chosen  here is .5 to 10 clcgrccs south, in a region studied by soInc  of tllc

above authors,  bccausc  of the cxistcmcc  of l)cavy  biomass burning during

July-October. WC have looked at several other latitude  bins, notably hc-

twcxm 30S and 30N since the gaps in MI,S  data at higllcr  latitudes make tl~c

analyses somewhat weaker; the 5-1 OS latitude bin  gives one of the c]cancst

residuals (keeping in mind the artificial yaw-period oscillation in h41,S data,

which  can k dctcctcd  in this figure). ‘1’hc residual ozone has a clear seasonal
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signature. ‘1’hc amplitude of the variatioI]  aud the timiug of the residual max-

imum coincide rcasonal>]y  well with results shown in the above rcfcrcmccs.

It is also iutcrcstil)g  tl)at a phase shift is observed bctwccn the residual cal-

culated  in Fig. 12 and the residual talc.ulatccl usiug MI,S data clown  to 46

hl’a only (SCC  l“ig. 1 3). ‘J’l)is  could bc intcrprctcd  as a phase cliflcrcncc  oc-

curring as a result of tl]c!  diffcrcllt  seasonal peaks in the troposphere and

stratosJJhcrc  (since the curve for 46 hl)a is more influenced by stratospheric.

ozone). l’rcliminary  aualyscs  at other latitudes do not yield such a distinct

pl)asc  change. Whi]c tl)c!sc preliminary results may have some siguificanc.c

in terms of tropospheric ozone, wc prefer to leave thcm - in this overview

paper - as an indication of potcntial]y  interesting signals, wl)ich must bc in-

tcrprctcd  with great cam ‘J’l]c cxistmcc  of h41,S systcmatics at tl]c  51 )U

ICWCI, along with ~hc interpretation of ‘J’0h4S data ( c.y. in the presence of

clouds), indicate tllc need for further detailed analyses. An updated version

of h(ll,S data, with improvcmmts  in the lowermost stratospl)crc,  is planned.

1 k.xpjtc  c.autiou  shout the current data and the dcsim not to make prema-

ture statements about  “tropospheric Ozone’ ) IJcrc, wc su,g,gcst  that  the  MI,S

data set, coup]cd  with ‘J’OMS ozone column, has the potential for inferring

valuab]c  information on this interesting; topic,

7 .  conclusions

W c  have rcwicwcd  tltc obscrvcxl variat ions in MIA stratospl]c]ic  o z o n e

data.,  l>ascd on aua]yscs of two aud a half years (October 1991 to mid-March

1994 ) of zona]  mean mixing ratios aud column abundauccs. Expcctcd  pe-

riodic  variations arc c.lcar]y  obscrvcxl; for example, wc note the cxistcncc!  of
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a c]car SA () ;]] tlO])j CXd om]]c, foI prcxsurcs  ICSS than about  2 0  Ill’a,  aud

the dominant annual cycle at mid-nigh ]atitudcs. lntcmsting  variations arc

m e a s u r e d  in the tropical 10WC]  stratos])hcrc: a low equatorial ozone feature

near 50 hI’a, which splits iuto two suh-tro])ical  lows during the summc] of

1992, and reforms a sing]c  L)ral)ch durinp; tlIc fall of 1993. A somewhat anti-

correlatecl variation is observed at 100 hl)a, but the cxistcncc of a systematic

negative bias in the summm tropical  values  needs to bc kept iu mind.  Given

the time constants for the maintenance of aerosol lofting effects (I<innc  ct

al .  1992),  and  the olmuwcd  dispcrsa]  of acmso]s, WC would tcncl to ascribe

t,hcsc lower stratospheric variations to changes in the residual  circulation,

possibly Q130-related (vertical motions ]caclil)g to lower  ozone),  as opposed

Lo au amosol-incluccd  change. M 1,S ozone colum]l  data comparisons with

q’OMS  data in the sout,l]cr]l  higl] ]atitudcs  (60 S-80S) exhibit scasoual  trcmcls

(for June through  November) c.onsisicnt  with tlic  overall ‘1’OMS variations;

the OZOI)C  hole development is  sliown to occur primarjly  as a rcsu]t of de-

crcascs iu the 100 to 50 1~1’a region (in agrcclncnt  with otllcr  data); basccl on

MI.S  zona] mean data, the clccrcasc  is primarily driven by changes near 50

1)1’a. ‘J’hc largest ozone  columu changes froln  year to year have oc.currcd  dur-

ing  the l)cccmbcr  to Marc]l  time frame at nortl)crn  mid-latitudes, wit]) the

1992-93 wintertime values typically 8% lower tl~an the corresponding 1991-

92 abundancm.  ‘J’his slowing in the rate of ozone illcrcasc during  the winier

months  appears to bc related in large part to dcc.rcases  in the lowermost

stratosphere (near  100 h] ’a) duriug  early wiutcr,  wit]] an assoc. iatcd polcward

sprcacl,  rat,hcr  than a ])olar  cficct  which migrates south; however, dilution  cf-
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fccts from cl]lorine-rc]atcd  processing of polar ozone may have contrihutcd

to the dccrcas&  during  l~cbruary-March  1993, based on the significantly cn-

hanccd  CIO values  observed in the arctic vortex at that time (Manncy  ct al.

1994a),  Whi]c the phasing of tllc QIIO is cxpcctcd  to lead to low ozmle at

mid-latitudes in late 1992, compared to early 1992, this cffcc.t  alone would

not bc cxpcctcd  to bc large enough to cxplai]l  the observations. Since models

do not predict that radiative/dynamical changes could - by thcmsclvcs  - lead

to the type of mid-latitude behavior observed, it is likely that chemical cycles

causing ozone clcstruction  as a result of hctcrogcncous  chemistry on volcanic

aerosols have played a role  in the olmmmd dccrcascs,  as predicted by various

modc]s. However, tl)c latitudinal cxtmt  of the changes (maximum dccrcasc

is not at nigh latii,udcs)  and the asymmetry in the clccrcase  (northern mid-

latitudcs  significantly mom aficctcd than the southern mid-latitudes) arc not

easy to undcrstanc],  given the known  characteristics of the acroso]  dispersion

after the cmption  (and know]cdgc  of the mid-] atitudc  ~10 data.  from MI,S,

Waters ct al. in preparation). Wc note that the ‘J’OMS-infcmml  asymmet ry

is not as large as the M1.S-deduced effect; this could mean that c])angcs in

the soutl]cm  latitudes occ,urrcd  somewhat dccpcr in the atmosphere, but this

also requires further investigation, O“I)C ]ncchanism  which could, ill princi-

p]c,  explain tlIc  asymmetry, would  l~c po]ewarcl  mixing of low tropical ozone

values, with stronger mixing  towards the northern mid-latitudes; however,

wc do not know if tllc  details of such a mechanism arc plausib]c.  What is

nccdccl,  it seems, is an understanding of the changes in the ]owcrmost strato-

sp]]crc.  A detailed analysis of other chcmica] spccics (or dynamical tracers)
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would  Ix dcsirabic, possibly fro]n the (hyogmic.  l,imb Etalon Spec t romete r

(C; I,AES) data set (cvcm though these observations ccascd  in czwly summer

1993),  An examination of IIN03 or NOX fields (in addition to the ~10 from

M 1S) may also shccl some light on the magnitude of possible cllangcs  caused

by hctcrogcmcous  chemistry.

‘-1’hc  low ozone values obsmvcd  by M] ,S and other instruments from late

1991 to mid-1 993 appear to have csscntial]y  disappeared during  the late fall

1993 and early winter 1994. This mcovcry also  seems to imp] y that effects

related to the eruption of Mount l’inatul]o  were  involved in the tcnlporary

ozone deplet ion,  in combination with  QIIO ancl other effects. WC expect

that future analyses of the MI,S  data, in c.conjunction with others from UARS

and clscwhcm,  will continue to cducatc  us about the particularly interesting

atmospheric cxpcrimcmt which seems to have occurred during  the lJAltS

mission.

Final]y, analyses of the ‘J’0h4S  minus MI,S  residual ozone column should

eventually improve our undcmtanding  of tropospheric ozone  variations, and

this paper’s l>ricf prcscmtation  of residual ozone gives a J~rcliminary  indication

of the potential usc of these combined data sets.
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F] C. 1. Zonal  mean ozone volume mixing ratio  time series for C)c.tobcr

1 1991 th rough  March 14 1994,  as mcasumcl  by MI,S.  l{etricwals  for f o u r

diflcwmt  mtricval  pressures arc chosen: 46 hl’a (bottom left), 22 hl’a (bot-

tom right), 10 h]’a (top left) and 2 hl)a (top right). ‘J’hcse  data arc f rom

MI,S 1,3A], files, griddcd  every 4 dcgrccs  in la t i tude. ‘J’ime series are shown

from the equator to 80 dcgrccs  latitude (tl)e maximum latitude observable

by MI, S), in 16 dcgrcw. incrcmclils.  Oct. 1991 througl]  Sep. 1992 values arc

given by light blue dotted line, the followi~]g year is givcm by dark blue solid

line, and the Oct. 1993 throup;h  mid-March 1994 period is shown  by rcd

solid liuc.  Gaps in the time series occur at mid-high latitudes bcc,ausc  of the

allmmating coverage  bctwccm north and south (SCC  text) .

FIG. 2. Stratospheric zona] mean ozone mixing ratios from MI,S data

created using the asynoptic  mapping tcchniquc (sex Elson  et al. 1 994), start-

ing with M1~S I,cvcl  3ArJ’  (time-ordered) film. Contour plots arc show]]  as

a function of latitude and time, for first two years of hll,S operation (Oct.

199] through Sep. 1992- left panels - and subscqucmt  year - right  panels -).

From bottom to top, retrieval grid pmssurcs  arc at 100 hl’a, 46 Ill’a,  and 22

hl>a. LJnits  are ppmv.

Note: Figure 2 & 3 may lm c.ombincd  into onc and cxtcndcd  in time so as

to cover until mid-March 1994, as Fig. 1. (+ rclabc] dates)
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‘1’he UARS IIay is 1 o]] SCIJ. 12 1991, 112 on Jan. 12 1992, 478 on Jan. 1

1993.  ‘1’hcm am 10 “1JAIU3  mon ths ’) (each with about 36 days) in cac.h of

the 2 years shown, with MI.S data starting on 1 October.

1~1(~. 3. Same as h’ig. 2, but for 10 hl’a, 5 hl’a (really 4.6 Ill’a), and

2 h]’a (really 2.2 hl’a).

IPIG. 4. ltquatoria]  ozone  variation about the 2.5 year mean, as measure(l

by MIS’ since  shortly after launch. A 36 day smoothing (running average)

has been applied to the data,  to remove most of tllc artificial variation cou-

pled to the lJAI{S  yaw cycle  (SCC text). l’anc]s  give mixing ratio changes at

various stratosphmic  prcssuresj  from 100 h]’a to 2 Ill’a.

FIG.  5. ‘J’op pane] : integrated ozone column (in l~U) from M 1,S daily

data lmtwccm  5S and 5N (area-wcightcxl)  versus time, for colum]]  down  to 100

hl’a (solid line), 46 hl’a (dash-dot line), and 22 111’a  (dashed  line). IIottom

pane]: UKMO 12 GMrJ’ zonal  mcal~  winds (in m/s) for same time period,

ovm  the equator (solid line for 46 hl’a, dash{!d line  for 22 h]’a). Positive wind

is wcstcr]y.

l~’l G. 6. ‘J’imc  series of  M],S zolla] lllca,ll  Ozollc co]ulllll (ill ] )U ) a]~ovc

100 hl’a, for a time period identical to that of l’ig. 1 (Ott 1991 through

mid-March 1994 ) and for the same 16 dcgrcc incrcmcmis  in latitude, ‘J’hrcw

curves arc SIIOWU for each year of data (same identification as in Fig. 1.).
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Vertical scales cxnm  a range of 100 I)lJ  for all latitudes cxccpt  for 80 and -80

degrcm, where tllc variations ovcI a yea] arc ]argcr, part icularly ill the south.

l~lG. 7. Area-wcightmi average h41,S ozone co]umn  for various latitude

bins (see labels), as a function of time since Oc.t 1991 (c.urv(!s  have same iden-

tification  as in Figs. 1 and 6), Mcal~ columns am computed above 100 hl’a

(top left  panel), above 22 h]’a (top right), Imtwcm  100 and 46 h]’a (bottom

left), allcl  bctwccn 46 and 22 Ill)a (l~otlmn  r ight) .

FIG. 8. (;o]umn OZOIIC (I)U) from Nilnbus-7  ‘J’OMS (solid line)  and MI,S

for the 60 to 80 south latitude bin, for a time period covering the OZOI)C

I101c dcnmlopmcnt  during  the summer/s]jring of 1992. ‘1’hc various MIS data

points arc labeled wit]] the pressure down  to wllicll tllc  colum]l  is computed

(’J’0h4S mcasurcmcnts  go dow~, to the ~;round,  in princi~~lc,  which accounts

for the larger vajucs).

1’] G. 9, ~olumJI  ozone (I)lJ ) from ‘1’OM S and MI,S  mcasurcmcmts for the

30 to 60 clcgrccs north latitude bin (top ]Mnc]) and for 30 to 60 degrees south

(bottom panel), during  the Oct. 199] tl)mugh  Sep. 1993 pmiod.  Nimbus-7

‘J’OMS data arc the solid lines (b]uc  for 1991-92, rcd  for tllc  lower va]ucs  of

1992-93). Meteor-3 ‘J’OMS data arc shown by dotted grcm line,  ovcrlappin.g

the Niml~us-7 ‘J’OMS results cluring  the 1 Jan 1993 to 6 h4ay 1993 interval.

MI.S  column ozone ahovc  100 hl’a is shown as open blue circles fo) 1991-92,

and as smal]cr filled ml dots for 1992-93.
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FIG.  10. MIX column ozone time series as a function of latituclc  for the

pcriocl  1 Ott. 1991 through 30 Sep. 1992 (top pane]), along with the follow-

ing year (midcllc pane]) aud the diflcmmcc  - 2ncl year minus the 1st - (bottom

pane]).  ColumII  values  arc compukcl  above 100 Ill’a.

FIG. 11, ‘1’imc evolution of the latituclc/pressure cross section for ozone

density (from N41,S data, coupled with MI,S  aud NMC  temperatures), for

rougl]ly  two week averages in the 1991-92 winter  (top 4 panels), 1992-93

winter (midd]c  4 panels), as well as the diflcmnce - 2nd year minus the 1st -

(bottom 4 panc]s).  ‘J’hc exact 4 time periods (from left  to right) am:  5 Dcc

to 21 l)cc, 22 I)cc. to 8 Jan, 15 Fcb to 28 Fcb,  aud 1 Mar to 18 Mar.

Note: (a) and (b) will lx j u x t a p o s e d  ncxi  to each  OI,lIIN - (a) to tlIc  left  o f

(b) - for final figu,c!. Some further cmmctics arc ncwdcd  in this fig. (as WC1l

as some othcm).

FIG.  12. MI,S  aud ‘1’OMS ozone  c.olumu va]ucs for the 5 to 10 dcgrccx

south latitude bin, during the period 1 Oct. 1991 to 31 I)ec.. 1993. Top pauc]:

Nimbus-7 ‘J’OMS total c.olum]l  data arc mprcmntccl as so]id line, Meteor-3

data as dasllcd  line  (this ovmlaps the solid line for 1 Jan.  1993 to 6 hflay

] 993), al]d MI,S  co]umn  (above 100 hl)a) as dots. Bottom  panel: Residual

difference ktwccn  the ‘J’0h4S  and hfl 1,S column amounts. Plus symbols arc

for Nimbus-7 ‘IIOMS  minus M1,S, and triangles arc for h4ctcor-3  ‘1’OMS mi-

nus MI,S.
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FIG. 13. Rcxidua]  column amount  bctwcxm ‘J’OMS ant] M 1,S data for the

5 to 10 clcgrccs  south latitude bin (same time period as in F’ig. 12), for MIA

column computed down to 100 hPa (solid line)  and clown to 46 hl’a (dasl]ccl

line). The lines arc polynomial fits through the residual differences (the solid

line corresponds to the data sl)own in the bottom pane]  of Fig.  12).
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